The Structural Effects of Hypertension and Development of Atrial Fibrillation
Hypertension occurs in 65-70% of AF patients, making this the most common co-morbidity found in AF registries in Europe [17, 18] . Long-standing hypertension may cause left atrial enlargement early, before any evidence of left ventricular hypertrophy (LVH) or atrial arrhythmia [4] . The magnitude of atrial enlargement correlates with the degree of hypertension, and may be the result of raised left atrial filling pressures and impairment of left ventricular diastolic function [17] [18] [19] . Enlargement of the left atrium is important in the progression from hypertension to AF. Studies have demonstrated that hypertensive patients with a history of paroxysmal AF have larger left atria than patients without paroxysmal AF. In the Framingham study, the risk of developing AF increased by 39% for each 5 mm increase in left atrial size, after adjustment for other risk factors [20] .
LVH is itself, also an important risk factor for AF [19, 20] . In the Framingham cohort, patients with an electrocardiogram (ECG) determined diagnosis of LVH had a 3.8 fold increased risk of developing AF. The risk of developing AF increases by 28% for each 4 mm increase in echocardiographically measured left ventricular wall thickness [20] .
In addition, the role of arterial stiffness appears key but poorly understood. Kjeldsen, et al. examined associations between noninvasive measures of vascular function and new-onset AF [20] . The study sample included patients aged ≥ 45 years from the Framingham Heart Study offspring and third-generation cohorts. Higher augmentation index, baseline brachial artery diameter, and lower flow-mediated dilation were associated with increased risk of incident AF. Central pulse pressure, when adjusted for age, gender, and hypertension
Introduction
AF is the most common sustained arrhythmia, with a prevalence of approximately 1.60% in the United Kingdom in 2014 [1] [2] [3] . AF is a progressive disease in which arrhythmia-induced remodeling facilitates evolution from paroxysmal AF to persistent and permanent forms [7] [8] [9] . Such self-perpetuation has been attributed to AF-related changes in atrial structure and function that facilitate progression of the disease [7] [8] [9] . Hypertension is the major cause through inducing atrial hypertrophy and structural remodeling of the atria, thereby increasing susceptibility to developing and maintaining AF [4, [7] [8] [9] . Approximately 20-30% of hypertensives have resistant hypertension [10, 11] . In recent years, there has been great interest in non-pharmacological methods to manage resistant hypertension. Renal denervation and formation of a central iliac anastomosis are examples [5, [11] [12] [13] [14] .
Abstract
Atrial fibrillation (AF) ablation can be considered as a first-line therapy for AF rhythm control in symptomatic patients [1] [2] [3] . However, the number of AF recurrences during long-term followup is significant [1] . Recurrences may be due to progression of structural and electrical atrial dysfunction, frequently secondary to hypertension [4] .
In recent years, there has been great interest in non-pharmacological methods to manage uncontrolled and resistant hypertension. Renal denervation and formation of a central iliac anastomosis are examples. In addition, renal denervation has yielded promising results in the prevention and treatment of AF. We have analysed the potential explanations for this in detail. A central iliac arteriovenous anastomosis, meanwhile, reduces arterial stiffness which is not targeted by sympathomodulation [5, 6] . Arterial stiffness has been shown to be a strong and independent predictor of future AF in hypertensive patients. We have extrapolated this train of thought and suggest that a central iliac anastomosis may have its' own niche in the clinical conundrum of AF management in the context of poorly controlled hypertension. Our aim is to provide evidence thatwas associated with incident AF. Higher pulsatile load assessed by central pulse pressure and greater apparent wave reflection measured by augmentation index were associated with increased incident AF [20] . However, targeting arterial stiffness as a means of improving the management of AF has not been assessed.
Device-Based Therapy for Hypertension

Renal denervation
Activation of the renal sympathetic nervous system plays a major role in the development and progression of hypertension [21, 22] . A catheter-based approach to denervate the kidneys has been introduced into clinical practice, and has been shown to reduce blood pressure and sympathetic activity in patients with resistant hypertension. Surgical denervation has been shown to be an effective means of reducing sympathetic outflow to the kidneys, augmenting natriuresis and diuresis, and reducing renin release, without adversely affecting other functions of the kidney [21, 22] .
Substantial and progressive reductions in office blood pressure measurements were observed in two initial randomised controlled trials [12, 13] . Boehm, et al. was the first blinded, randomised, shamprocedure controlled trial of renal denervation for treatment resistant hypertension [14] . Disappointingly, renal denervation did not reach the primary efficacy endpoint of decrease in 24-hour ambulatory blood pressure levels [14] . In spite of a significant reduction in blood pressure at 6 months compared with baseline of 14.1 mmHg for renal denervation and 11.7 mmHg for the sham treatment group, the difference of -2.29 mmHg in office systolic blood pressure between the two groups was not significant (p = 0.26). Similarly, in both groups significant decreases in 24-hour ambulatory blood pressure levels at 6 months as compared to baseline were noted, whereas the difference between the two arms of -1.96 mmHg remained non-significant (p = 0.98). There is now considerable ongoing debate regarding the true efficacy of renal denervation in lowering blood pressure.
Renal denervation and atrial fibrillation ablation
There are data to indicate that activation of the renal sympathetic nervous system also plays a role in the development of AF [21, 22] . An increased parasympathetic tone results in a shortening of the atrial refractory period, creating a substrate for re-entry, whereas sympathetic tone enhances spontaneous triggered activity [21, 22] . Moreover, activation of the renin angiotensin-aldosterone system (RAAS) in patients with hypertension induces left atrial fibrosis and conduction block in the left atrium, resulting in development of AF. Effective blockage of the RAAS by angiotensin converting enzyme inhibitors (ACEIs) or angiotensin receptor antagonists (ARBs) are effective in both primary and secondary prevention of AF in patients with hypertension [18] .
Multiple studies have explored the possibility that renal denervation could augment outcomes following AF ablation. Zou, et al. investigated the inducibility of AF during atrial rapid pacing after renal sympathetic denervation in an animal model [23] . Thirteen dogs were used for the study as follows: control group (seven dogs) and renal sympathetic denervation group (six dogs). In the control group, dogs were subjected to atrial pacing at 800 beats/min for 7 hours, and atrial effective refractory period was measured every hour in the status of non-pacing. Subsequently, pacing was stopped and the burst pacing (500 bpm) was repeated to induce AF three times. In the renal sympathetic denervation group, after each renal artery ablation, the procedure of pacing and electrophysiological measurement was exactly the same as the control group. Blood was collected before and after pacing to measure the levels of renin, angiotensin II and aldosterone. There was a persistent decrease in atrial effective refractory period in both groups. However, 7 hours after cessation of pacing, the induced number of times and duration of AF were higher in the control group than that in the renal sympathetic denervation group (1.0 ± 1.26 vs. 3.14 ± 2.54, P = 0.03; 16.5 ± 25.1 vs. 86.6 ± 116.4, P = 0.02). The plasma aldosterone concentration increased significantly 7 hours after rapid pacing in the control group (renin, 119.8 ± 31.1 vs. 185.3 ± 103.5 pg/ml, P < 0.01; aldosterone, 288.2 ± 43.1 vs. 369.6 ± 109.8 pg/ml, P = 0.01). The levels of renin and aldosterone showed a decreasing trend in the renal sympathetic denervation group, but this did not attain statistical significance. The authors concluded that episodes of AF could be decreased by renal sympathetic denervation during short-time rapid atrial pacing [23] . This effect might have a relationship with decreased activity of the RAAS.
In humans, 27 patients with symptomatic AF and drug-resistant hypertension were randomised by Pokushalov, et al. to AF ablation only (n = 14) or AF ablation+renal denervation (n = 13) [15] . The primary endpoint of the study was the recurrence of any atrial tachyarrhythmia > 30s after a single ablation procedure after the first 3 months had elapsed. The main findings of this prospective double-blind randomised study were that renal artery denervation had a positive impact on AF recurrences in hypertensive patients with refractory AF who also underwent AF ablation and renal artery ablation resulted in sustained improvement in systolic and diastolic blood pressure control over 1 year follow-up. This study had multiple significant limitations. Firstly, the patients did not have long-term beat-to-beat monitoring. Instead ECGs and 24-hour Holters were used to measure for AF recurrence [16] . Secondly, office blood pressure measurements were used to ascertain blood pressure response. It is widely accepted that 24 hour blood pressure monitors provide a much more accurate account of a patient's blood pressure. Thirdly, this study comprised only 27 patients. The implications for the wider AF community remain unclear.
Vorobyoff, et al. investigated whether renal sympathetic denervation was a safe and effective treatment option in patients with paroxysmal AF utilizing implantable loop recorders for their continuous atrial rhythm monitoring abilities [16] . Subjects (n = 30) with symptomatic paroxysmal AF and hypertension aged 18-75 years who had experienced at least one documented relapse of AF during a single trial of antiarrhythmic drug therapy were enrolled and randomised (1:1) to one of 2 arms [16] . In group 1 (active treatment) patients underwent a pulmonary vein isolation followed by renal sympathetic denervation. In group II (control), only PVI was performed. Followup included symptoms confirmed by an implantable loop recorder. The primary endpoint was freedom from arrhythmia (AF/atrial flutter/atrial tachycardia) > 30 seconds following a blanking period of 3 months. Primary endpoint was observed in 3/15 (20%) in the group I vs. 2/15 (13.3%) in the group II (P = 0.62). Median of time to AF recurrence was 82 days in group I vs. 15 days in group II (P = 0.02). Therefore, renal denervation did not prevent recurrence of AF at the 6-month follow-up, but increased time to AF recurrence during blanking period [16] .
Liang, et al. investigated the close association between renal impairment and AF recurrence [24] . Unilateral renal insufficiency was induced in beagles by embolization of small branches of the renal artery in the right kidney using gelatin sponge granules. The Sham group (n = 6) underwent the same procedure, except for embolization. Then animals in the renal denervation group underwent radiofrequency ablation of the renal sympathetic nerve. Cardiac electrophysiological parameters, blood pressure, left ventricular end-diastolic pressure, and AF inducibility were investigated. The activity of the sympathetic nervous system, RAAS, inflammation and atrial interstitial fibrosis were measured. The investigators found that heart rate, P wave duration and BP were increased by renal insufficiency, which were prevented or attenuated by renal denervation. Atrial effective refractory period was shortened and AF inducibility was increased by renal insufficiency, which was prevented by renal denervation. Antegrade Wenckebach point was shortened, atrial and ventricular rates during AF were increased by renal insufficiency, which were attenuated or prevented by renal denervation. Levels of norepinephrine, renin and aldosterone in plasma, norepinephrine, angiotensin II, aldosterone, interleukin-6 and high sensitivity C-reactive protein in atrial tissue were elevated, and atrial interstitial fibrosis was enhanced by renal insufficiency, which were attenuated by renal denervation. The authors concluded that renal denervation significantly reduced AF inducibility, prevented the atrial electrophysiological changes in a model of renal insufficiency by combined reduction of sympathetic drive and RAAS activity, and inhibition of inflammation and fibrotic pathway in atrial tissue [25] .
There is growing evidence for the role of renal denervation in augmenting outcomes following AF ablation. In altering sympathetic tone renal denervation is thought to lower blood pressure. It is either by this alteration in sympathetic tone or through the lowering of blood pressure that outcomes from AF ablation can improve.
Central iliac arteriovenous anastomosis
A central iliac arteriovenous anastomosis has been shown to alter mechanical arterial properties and reduce blood pressure in patients with resistant and/or uncontrolled hypertension [5] . The device was developed by ROX Medical (California, USA) and is named the 'Coupler' (Figure 1) .
A randomised controlled hypertension trial of this device commenced in 2012. The procedure involves placement of the coupler between the distal external iliac vein and artery, above the level of the femoral head and ischial spine. The technique adds a lowresistance, high-compliance venous segment to the central arterial tree. This technique is associated with an immediate and significant reduction in blood pressure and reduces the risk of hospitalised hypertensive crises [5] . The mechanism of action is purported to be to increase aortic compliance [6] . Incorporating a segment of vein in the central arterial circuit is expected to cause a reduction of blood pressure through improved arterial compliance and lowering of vascular resistance.
In a large open-label, multicenter, prospective, randomized controlled trial between October, 2012 and April, 2014 significant reductions in blood pressure could be achieved in patients with uncontrolled essential hypertension, despite inadequate response to multiple antihypertensive drugs (Figure 2 ).
The ROX Coupler and AF Ablation: Can Exploiting the Physical Properties of the Arterial Vasculature Augment Outcomes following AF ablation?
There are grounds for optimism that the ROX Coupler may improve outcomes from AF ablation. Firstly, the significant reduction in blood pressure should offset the aforementioned structural and electrical cardiac effects induced by longstanding hypertension. The creation of a small, fixed, centrally located arteriovenous anastomosis using the ROX coupler results in an immediate and sustained reduction in systemic arterial pressure, as predicted by the addition of low-resistance and high-compliance venous attachment. Theoretically this reduction in arterial resistance addresses a key, independent risk for the development of AF. Secondly, the reduction of left ventricular work following reduction of high systemic arterial pressure causes the heart to operate at a more efficient match of preload and afterload, predicting reduced cardiac oxygen consumption and reduced myocyte stress [6] . These predict improved exercise tolerance and improvement in LVH. As already described, LVH is an independent risk factor for the development of AF.
The ROX Coupler vs. Renal Denervation
In the ROX Control HTN study, 17 patients (n = 10 in the arteriovenous coupler group and n = 7 in the control group) had previously undergone renal denervation. Those in the arteriovenous coupler group had significant mean reductions in systolic and diastolic office blood pressure and systolic and diastolic mean 24 h ambulatory blood pressure at 6 months. In contrast, mean changes in the control patients who had undergone renal denervation were not significant for office or 24 h ambulatory blood pressure. A possible explanation for this inadequate response to renal denervation is that resistant hypertension is due, in part, to arterial stiffness which is not targeted by sympathomodulation. This is the principle upon which renal denervation relies. In addition, unlike renal denervation, the ROX Coupler is fully reversible and implantation is comparatively pain-free.
Renal artery denervation is reserved only for those with drugresistant hypertension. The vast majority of those with hypertension are not currently eligible for renal artery denervation. In contrast, the ROX Coupler has a track record of safety when used in a variety of clinical settings. It offers an attractive option as an additional procedure in patients with hypertension and AF ablation.
Discussion
The association between hypertension and AF has been well established. Whilst conventional treatment for AF in the form of antiarrhythmic medications and pulmonary vein isolation are effective, therapies directed upstream of the electrical aspects of AF, towards the underlying anatomical substrate of left atrial enlargement and LVH, may provide additional benefit. In particular, it has been shown that aggressive treatment of hypertension may reverse the associated structural cardiac changes, and reduce the burden of AF. Two novel device-based therapies for the treatment of resistant and uncontrolled hypertension may augment AF ablation. Renal denervation has previously been shown to significantly improve outcomes from AF ablation in both animal and human models. A central iliac arteriovenous anastomosis, meanwhile, reduces arterial stiffness which is not targeted by sympathomodulation. Arterial stiffness has been shown to be a strong predictor of future AF in hypertensive patients, independently of age, 24-h pulse pressure and left atrial diameter. There are grounds for optimism that the significant blood pressure lowering effects of a ROX Coupler, and its' mechanism of action, could significantly augment outcomes from AF ablation in those patients with resistant hypertension.
The ROX procedure is a minimally invasive, catheter-based procedure which is safe in a variety of clinical settings. It offers an attractive option as an additional procedure in those with hypertension and AF undergoing ablation as it is fully reversible, unlike renal denervation. Given the increased efficacy of a ROX Coupler over renal denervation it is the opinion of the authors' that this device will augment outcomes from AF ablation to a much greater degree. Numerous beneficial autonomic mechanisms may be implicated, and we hypothesise that the key factors include a reduction in systemic vascular resistance and reduction in afterload, resulting in an overall reduction in cardiac work, thereby offsetting the progression of atrial damage, a key factor in the progression from hypertension to AF.
Conclusion
Arterial stiffness is a key, independent risk factor for the development of AF in hypertensive patients but has not been considered as a target in the management of AF. The ROX Coupler exploits the physical properties of the arterial vasculature and reduces arterial stiffness. It remains to be seen whether a central iliac arteriovenous anastomosis can improve outcomes from AF ablation in patients with resistant hypertension.
